Practical stochastic response surface method (SRSM) using ordinary high-order polynomials with mixed terms to approximate the true limit state function (LSF) is proposed to analyze the reliability of bypass seepage stability of earth-rockfill dam. Firstly, the orders of random variable are determined with a univariate fitting. Secondly, nonessential variables are excluded to identify possible mixed terms. irdly, orthogonal table is used to arrange additional samples, and stepwise regression is conducted to achieve a specific high-order response surface polynomial (RSP). Fourthly, Monte Carlo simulation (MCS) is used to calculate the failure probability, and RSP is updated by arranging several additional samplings around the design point. At last, the Bantou complex reinforced earth-rockfill dam was taken as an example. ere are 6 random variables, that is, the upper water level and 5 hydraulic conductivities (HCs). e result shows that a third-order RSP can ensure good precision, and the failure probability of bypass seepage stability is 3.680 × 10 − 5 within an acceptable risk range. e HC of concrete cut-off wall and the HC of rockfill are unimportant random variables. Maximum failure probability at the bank slope has positive correlation with the HC of curtain and the upper water level, negative correlation with the HC of alluvial deposits, and less significance with the HC of filled soil. With the increase of coefficient of variation (Cov) of the HC of curtain, the bypass seepage failure probability increases dramatically. Practical SRSM adopts a nonintrusive form. e reliability analysis and the bypass seepage analysis were conducted separately; therefore, it has a high computational efficiency. Compared with the existing SRSM, the RSP of practical SRSM is simpler and the procedure of the reliability analysis is easier. is paper provides a further evidence for readily application of the high-order practical SRSM to engineering.
Introduction
With a long-term operation of earth-rockfill dams, structural failure caused by seepage may make a dam destroy [1] . About 25% of the damage of earth-rockfill dams is caused by seepage failure, worldwide [2] , while with a rate of 30% in China [3] . In recent years, a large number of earth-rockfill dams have been reinforced in China by adding a new concrete cut-off wall or an impervious curtain [4] . Although the waterhead in the downstream is dropped, the bypass seepage gradient still plays a controlling role [5, 6] , so that the bypass seepage analysis should be considered as a 3D problem. At present, a seepage gradient less than an allowable value is adopted to represent the instability criteria of seepage failure, but the deterministic analysis cannot reflect the parameter uncertainty of bypass seepage effectively.
Many investigators have contributed to the reliability analysis of seepage stability. Wei and Shen [7] combined the hydraulic method and Rackwitz-Fiessler method (R-F or JC method) to analyze the seepage stability of a homogeneous earth dam. Li et al. [8] analyzed the failure probability of seepage in a homogeneous dike and discussed the influence of the Cov of HC and the changes of flood level with a stochastic FEM. Hu et al. [9] have combined FEM and SRSM with Hermite polynomials to analyze the reliability of seepage stability of the clay core wall of Shuangjiangkou rockfill dam and studied the influence of the Cov of variables.
Great progress has been made in this field, from the hydraulic method to FEM in deterministic analysis method, from a low homogeneous dam to a high complex dam in analysis object, and from explicit formula to using FEM to construct SRSM in LSF, but reliability calculation is still in 2D stage. e difficulties in analyzing the bypass seepage stability of a complex reinforced earth-rockfill dam are (1) the LSF of seepage failure is highly nonlinear and cannot be expressed explicitly; (2) bypass seepage of complex reinforced earth-rockfill dam is a 3D problem, and large number of random variables will make reliability analysis too computationally intensive. At present, JC method is only applicable to an explicit LSF and lowly nonlinear.
e stochastic FEM has a long development cycle, and it is difficult to develop a uniform stochastic FEM program to suit for different problems. e actual LSF can only be well fitted by an ordinary RSM in the vicinity of design point through adjusting response surfaces, but it can be well fitted by the SRSM with an optimal order polynomial chaos expansion in the entire space [10] . e SRSM just needs one response surface and can solve the problem with implicit LSF by using less samples than ordinary RSM, but high-order Hermite polynomials are extremely complicated [11] . erefore, it is necessary to explore a method for the reliability analysis of 3D bypass seepage stability of earth-rockfill dam, which considers 3D seepage analysis and SRSM with simple polynomials. e objective of this paper is to propose a practical SRSM with ordinary high-order polynomials as LSF to analyze the reliability of 3D bypass seepage stability of earth-rockfill dams. To achieve this goal, this article is organized as follows. In Section 2, a 3D seepage FEM is introduced briefly. In Section 3, procedure of the highorder practical SRSM is discussed in detail, and two numerical examples are investigated to demonstrate the validity of the proposed method. Bantou reinforced dam is taken as an example in Section 4; reliability analysis for bypass seepage stability is calculated based on the upper water level and 5 HCs of materials as random variables. e influence of the orders and Cov of random variables are also analyzed.
Seepage FEM for Earth-Rockfill Dam
e seepage model of an earth dam with free surface and seepage surface is shown in Figure 1 . e dam body can be divided into a saturation zone Ω 1 and an unsaturated zone Ω 2 . According to Darcy's law, the waterhead at any point can be expressed as follows:
where h is waterhead and k x , k v , and k z are the HCs in x, y, and z directions. e corresponding boundaries of formula (1) are listed as follows:
( (1) is equivalent to the minimum value of the following formula:
Equation (2) is derived by the node waterhead in the seepage area.
[K] e h { } e � 0 can be obtained. Functional differential is conducted on all elements; multiply the conduction matrix [K] e and the node waterhead h { } e , moving the nodes with the given waterhead to the right of the equation, formula (3) can be obtained
where [K] is conduction matrix, {h} is waterhead, and {Q} is the initial flow. Since formula (3) was solved by Neumann in 1973, there have been several constant mesh methods, such as initial flow method [12] , improved method of nodal virtual flux [13] , Signorini variational inequality method [14] , and equivalent nodal flow method [15] . If {h} at any FEM nodes is solved, the seepage field will be determined. e total seepage gradient at any point can be defined as
High-Order Practical SRSM
e SRSM was first proposed in the study of uncertain problem in environmental and biological system by Isukapalli et al. [16] in 1998. e SRSM combining a traditional deterministic method and the uncertainty method not only overcomes the difficulty that the LSF cannot be expressed explicitly but also greatly decreases the amount of response calculation of samples compared with the traditional direct MCS. An important procedure with the SRSM is to choose the RSP. e SRSM with Chebyshev polynomials to determine variable orders was proposed by Gavin and Yau [17] , and the SRSM with Hermite polynomials was proposed by Jiang et al. [11] . In this paper, ordinary high-order polynomials with mixed terms in equation (5) are used as the LSF surrogate model. e algorithm of the proposed method is called the high-order practical SRSM.
where a is a constant;
i is an independent term; and n i�1 x p iq i is the possible mixed term, where the total number of random variables (n), the polynomial order (k i ), and the coefficients (b ip ) correspond to independent terms involving only one variable; the coefficient c q corresponds to mixed terms, involving the product of two important random variables, the total number of mixed terms (m), and the order of a random variable in a mixed term (p iq ). Figure 2 shows the flow chart, mainly including four stages. First was the order identification (OI) of random variables. Secondly, estimate the importance of the level of random variables and possible mixed terms. ese first two stages result in the basic formulation of the RSP as a surrogate model. e specific formulation and corresponding coefficients of the RSP are determined in the third stage by stepwise regression based on OI samplings, additional samplings, and design point or mean value point. Fourthly, MCS is carried out to determine the failure probability and estimate the design point. If the number of variables or the coefficient of variation is large, the RSP needs to be updated by adding several additional samples around the design point.
Order Identification.
If a variable order of polynomials is much higher than the real LSF, ill-conditioned systems of equations may be encountered [18] . So, order identification is the base of the accuracy of the SRSM. If univariate fitting is taken, the steps of order identification of the variable are listed as follows:
Step 1.OI sample arrangement. Variable x i is set to
where μ i is a vector of the mean value of x i , σ i is a vector containing the standard deviation of x i , and interpolation coefficient f is set to the value from 1 to 3. All other variables,
Step 2. Response calculation of the OI samples,
Step 3. Spline curve fitting taken as the real values based on variable x i and corresponding g i .
Step 4. Polynomial fitting without mixed terms based on variable x i and corresponding g i can be approximated in equation (6) , and the multiple correlation coefficient R 2 1 can be obtained.
g i � a 0 + a 1 x i + a 2 x 2 i + · · · + a n x n i .
Step 5. Calculate the difference R j between spline curve and polynomials by equation (7) from first order to the 
Step 6. Determine the highest order of x i . To avoid the Runge phenomenon, the order with the minimum R j is taken as the highest order of variable x i . Meanwhile, to decrease the number of samplings, the orders 1∼n with the multiple correlation coefficient R 2 1 greater than 0.995 for the first time, the order n can also be taken as the highest order of variable x i , for R 2 1 in polynomial fitting represents the accuracy of the fitting of the scatter, and 0.995 is in a high level. Choose the small one as the highest order of variable x i according to the two criterions.
Step 7.Determine the other possible order of x i . If n is the highest order of x i , the terms x i , x 2 i , . . . , x n− 1 i may not simultaneously exist in equation (6) . Multiple correlation coefficient R 2 2 of the remaining terms can be used to exclude the unimportant order of x i . If R 2 2 /R 2 1 > 0.9995, the remaining terms are the possible orders. e orders of the variable determined by the seven steps may exist in independent terms, mixed terms, or in both. Generally, RSP includes several independent terms and mixed terms.
Important Level Estimation and Possible Mixed Terms of Variables.
e contribution of mixed terms to the LSF is related to the importance level of variable. On one hand, inappropriate mixed terms may lead to incorrect estimation of failure probability. On the other hand, the more the mixed terms, the larger the response calculation. erefore, only the mixed terms of the important variables need to be considered. e importance of variables is highly correlated with the variable contribution to the uncertainty of response. e variance σ 2 g i of the response of a single variable can be obtained based on equation (6) . e importance level can be defined as follows:
If Q i is less than a critical value, such as 5%, the corresponding variable x i can be considered as an nonessential one, which can be excluded in the mixed terms to reduce the number of the samples required for polynomial fitting.
To explore the mixed terms of RSP, Gavin and Yau [17] had proposed two criteria: (1) the power of a variable in a mixed term should not be larger than the estimated order of the variable alone; (2) the total order of the mixed term should not be larger than the highest-order term. Besides, the regression additional criterion proposed by Li [19] is just to consider the mixed terms including the important variables. However, the Gavin-Yau criteria two cannot determine the RSP with the only mixed term, for example, g � xyz. e highest order of variables is 1, but the total order of the mixed term is 3. So, it can be changed to the power of a variable in the mixed term which should be less than the highest order of this variable except the first order, improved Gavin-Yau criterion two.
Once the basic formulation of RSP has been estimated, the specific form and corresponding coefficients of RSP can be determined by stepwise regression. Polynomial fitting requires samples uniform and representative in the solution domain, and the number of samples is best chosen to be twice that of polynomial coefficients [19] . is paper uses orthogonal table to arrange additional samples, for its balanced dispersion and neat comparable characteristics in the samples arranged.
Additional Samples Arrangement and Stepwise Regression
of High-Order RSP. OI samples are just located in the horizontal line and vertical line, and there are no samples in each quadrant consisting of horizontal and vertical lines (shown in Figure 3 ). An orthogonal table will be used to arrange the additional samples to fill the blank. Every orthogonal table has two characteristics: different numbers appear equal times in each column, and the numbers in any two columns are arranged in a balanced dispersion situation. Take the L 4 (2 3 ) orthogonal table (Table 1) as an example; there are four combinations in any two columns: (1,1), (1,2), (2,1), and (2, 2) . Each combination appears at the same frequency. erefore, there is strong representation in the samples arranged by an orthogonal table.
An orthogonal table is selected according to the principle that the maximum factor is slightly great than or equal to the number of variables. Take a 2-level orthogonal table as an example; each row of the table can be taken n times in arrangement of additional samples according to the mean point (or the design point X d ) and standard deviation σ x . If there are just two random variables, L 4 (2 3 ) orthogonal table will be chosen. Columns 1 and 2 in Table 1 are used to set values for variable one and two, respectively. When the number is 1, the corresponding variable is set as X d − fσ x ; when the number is 2, the corresponding variable is set as X d + fσ x . Each row of the table can achieve one sample, so there are 4 samples marked black × in Figure 3 (a). If the interpolation coefficient f ranged from 1 to 3 and the orthogonal table is used 3 times, the corresponding variable can be set as X d − σ x , X d − 2σ x , and X d − 3σ x when the number is 1 and X d + σ x , X d + 2σ x , and X d + 3σ x when the number is 2. ere are 12 samples marked the sign × (shown in Figure 3 (a)).
Latin hypercube sampling (LHS) method is a popular sampling method. Compared with the LHS method, there are two advantages in the additional samples with the orthogonal table method (Figure 3 (b)): (1) more additional samples are located at the edge; (2) there is orthogonality characteristic in the additional samples with the orthogonal table method, and the number of additional samples is equal in each quadrant consisting of horizontal and vertical lines. e specific formulation and corresponding coefficients of RSP can be determined by stepwise regression based on OI samplings, additional samples, design point, and these corresponding responses calculated. e true LSF g(x) is surrogated with an ordinary polynomial in equation (5), and the least squares method is used to determine the unknown coefficients. ere are three steps to determine the specific formulation of the RSP:
Step 1. e first step is the nondimensionalization of variables and responses to avoid the occurrence of "large numbers to eat decimals" during the polynomial fitting. Assuming that x i and x i ′ are the values before and after nondimensionalization, a linear dimensionless method is defined as follows:
Step 2. e mix terms are added one by one to conduct regression analysis based on all possible independent terms estimated in Section 3.1. If a possible mix item is added and the fitting multiple correlation coefficient R 2 becomes larger, the new mixed term is kept. If R 2 is smaller or unchanged, exclude the new mixed item.
Step 3. e possible independent items are subtracted one by one to conduct regression analysis based on all possible independent items and the determined mix terms. If an independent term is subtracted and R 2 becomes larger or almost unchanged, the independent term is excluded. If R 2 is smaller, keep the independent term.
MCS and Design Point Estimation.
e true LSF will be replaced by the RSP determined. When solving the failure probability with MCS, N random sequences will be generated according to the distribution characteristics of variables. e sampling method for the random number sequences of the related multidimensional normal distribution has been introduced in many references. If random variables are nonnormal distribution, the correlation coefficient is not consistent after equivalent normalization transformation.
e correlation coefficient conversion of nonnormal random variable is commonly transformed with the Nataf method or the Copula function method. To explore the change of correlation coefficient, some empirical formulations with the Nataf method have been established [20, 21] . A two-step numerical integration method has been proposed by Wen et al. [22] to overcome the nonconvergence in the numerical calculation of the Nataf method.
After the random number sequences are generated, by substituting them into RSP and counting the number of samples N f in the failure region, the failure probability is expressed as
As for some events with a small probability in engineering, the total number of samples N should not be less than 100/P f . In the reliability analysis, the design point has two characteristics: (1) the design point is on the failure boundary; that is, the LSF value of the point is 0; (2) the design point is with maximum failure probability on the failure boundary. According to characteristic one, N samples in the MCS are sorted on the basis of the absolute value of the LSF. If N is greater than 10^5, 500 small absolute values can be taken as on the LSF. According to the characteristic two, the design point is located in the dense area of the failure boundary. e distance between the coordinate origin and 500 samples in the standard normal space is calculated, respectively, and the density curve of the distance can be obtained. en, the group with maximum density is chosen, and the averages of this group's variable are taken as the design point. Above all, practical SRSM is just one initial response surface or one updated response surface, which is fitted based on OI samples, additional samples, and corresponding response calculation. Besides, practical SRSM adopts a nonintrusive form; not only the reliability analysis and the response calculation can be conducted separately but also the response of samples can be calculated on different computers or different cores of a machine.
Numerical Examples.
Two numerical examples are used to illustrate the efficiency and accuracy of the high-order practical SRSM.
Example 1 (see [23] ). e third-order nonlinear function g(x, y) � x 3 + x 2 y + y 3 − 18, x ∼ N(10, 5 2 ), y ∼ N(9.9, 5 2 ) and ρ xy � 0.1; estimate the failure probability.
Interpolation coefficient was assigned from 1 to 3; 12 OI samples and corresponding responses are listed in Table 2 . Figure 4 shows the relationship between single variable and these corresponding responses; the highest order of variable x and y is 3 for both, and the multiple correlation coefficient R 2 1 is 1.00. Table 3 shows the process for determining the other possible orders of variables x and y. When x is subtracted to fit polynomials, the multiple correlation coefficient R 2 2 of the remaining terms x 2 and x 3 is unchanged. If x 2 or x and x 2 subtracted at the same time, R 2 2 /R 2 1 will be less than 0.9995, so the first order of x is an unimportant order and can be excluded. With the same method, the term y 2 can also be omitted. erefore, there are 4 possible independent terms x 2 , x 3 , y, and y 3 and only one possible mixed term x 2 y according to the improved Gavin-Yau criteria two. 5 terms and the constant result in basic formulation of RSP.
Use the L 4 (2 3 ) orthogonal table 2 times to arrange 8 additional samples and conduct nondimensionalization of the 21 samples (Table 2 ) by equation (9); the stepwise regression process for determining the specific mixed terms and independent items based on the 21 samples is listed in Table 4 . When the 4 independent terms are considered as LSF, R 2 is 0.9820. If the mixed term x 2 y is added, R 2 is increasing to 1.00, the mixed term will be kept. If x 2 or y is subtracted, R 2 are all unchanged. If x 3 or y 3 is subtracted, R 2 are decreased, so the independent terms x 3 and y 3 should be kept and x 2 and y can be omitted. g(x, y) � − 0.00075 + 0.65589x 3 + 0.64805y 3 + 0.65326x 2 y is obtained, and the 3 terms and the constant are perfectly determined.
Taking the RSP as LSF, generate 1 × 10 7 random number sequences with correlation coefficient 0.1 with the Nataf method. Table 5 summarizes the results with the other methods; the failure probability of practical SRSM is 8.112 × 10 − 3 , almost consistent with the reference solution (8.110 × 10 − 3 ) in [24] , and the number of calling functions is close to that of the Hermite SRSM. e 500 samples with the smallest absolute value of the LSF are plotted in Figure 5 , and the estimated design point is (1.7068, 1.9640). It can be seen that the 500 samples are all located on the true LSF, and the estimated design point is located near the bump.
ese results indicate that the high-order practical SRSM evaluates the failure probability accuracy.
Example 2 (see [24] ). g(x) � 0.16(x − 1) 3 − y + 4 − 0.04 cos(xy)is a third-order highly nonlinear LSF; the random variables are subject to independent standard normal distributions, and the failure probability is calculated.
f is set from 1 to 2, and 8 OI samples can be arranged. e highest order of variable x and . y is 3 and 1 with the method in Section 3.1. If x, x 2 , and the two terms are subtracted, the R 2 2 /R 2 1 are 0.9905, 0.8368, and 0.8273, respectively. So, the three terms cannot be excluded. erefore, there are 4 possible independent terms x, x 2 , x 3 , and y and two possible mixed terms xy and x 2 y according to the improved Gavin-Yau criteria two. 6 terms and the constant result in basic formulation of RSP.
Use the L 4 (2 3 ) orthogonal table 2 times to arrange 8 additional samples and conduct the nondimensionalization. e stepwise regression for determining the specific mixed terms and independent items is listed in Table 6 . When the 4 independent terms are considered as LSF, R 2 is 0.9999. If the mixed term xy or x 2 y is added one by one, R 2 is still unchanged. So, the two mixed terms can be omitted. If the possible independent items x, x 2 , x 3 , y, R 2 substracted one by one, R2 is decreased to 0.9863, 0.8041, 0.9456, and 0.7374, respectively, so all the independent terms should be kept. g(x, y) � 0.56082 + 0.21176x − 0.44117y − 0.63195x 2 + 0.63529x 3 can be obtained. Taking the polynomials as LSF, generating 2 × 10 5 random number sequences, the failure probability is 3.3405 × 10 − 2 with MCS. For comparison, Table 7 summarizes the results with the other methods; note that the failure probability of practical SRSM is the closest to that of Hermite SRSM, and the number of calling functions is 17, which is slightly larger than that of the Hermite SRSM and substantially smaller than that of Gavin-Yau SRSM. e estimated design point plotted in Figure 6 is (− 1.7968, 0.4805). ese results indicate that the high-order practical SRSM evaluates the failure probability efficiency and accuracy.
Engineering Application

Project Profile.
e Bantou dam (Figures 7 and 8) is an earth-rockfill dam with a height of 50.3 m. e crest 6 Mathematical Problems in Engineering elevation is 312.88 m, and the normal water level is 310.58 m. e width of dam crest is 5.8 m, and the length is 285 m. e section of dam body mainly consists of filled soil and downstream rockfill; the total thickness of alluvial deposits at the riverbed and the left bank is small but is more than 20 m at the right bank. In 2009, the dam was reinforced, and the 3 1.0000 Discard y 2 y 3 0.9947 Cannot discard y and y 2 at the same time reinforcement measures include the following: (1) a new 80 cm thick low elastic modulus concrete cut-off wall is built on the upstream side, and the cut-off wall is directly inserted into the bedrock at the left bank and only to the bottom of the dam at the right bank; (2) curtain grouting is constructed under the dam foundation at the right bank. e FEM model for seepage analysis (Figure 9 ) consists of 50,748 nodes and 49,143 elements. e statistical parameters of random variables are shown in Table 8 . e average of the upper water level is 309.58 m, ranging from 304 m to 312 m, subject to the extremal type I distribution. e HC of rockfill is much larger than filled soil. e HC of curtain and cut-off wall is much smaller than that of filled soil. e HC of alluvial deposits and the HC of filled soil are in the same power. All of the HC are log-normal distribution.
Select the check flood condition (the upper and downstream water level are 311.99 m and 264.9 m, respectively) for 3D seepage analysis. e results are shown in Figures 10 to 12 . Note that the waterhead in the downstream dam body is significantly reduced (Figure 10 ), but the bypass seepage is still serious (Figure 11 ) after the reinforcement. Figure 12 shows the seepage gradient of the downstream dam foundation. Due to the bypass seepage, the maximum seepage gradient appears at the right steep bank slope, not at the foot of the main riverbed.
Reliability Analysis of Bypass Seepage Stability.
e concrete cut-off wall and curtain do the main seepage prevention of this project. Although the seepage gradient of Mathematical Problems in Engineering cut-off wall and curtain is large, it is much smaller than the allowable value. e seepage gradient at the bank will play a decisive role in the overall seepage stability of the dam. erefore, the maximum seepage gradient at the right bank is used to judge the overall seepage failure of the dam. e LSF can be written as
where J is the maximum seepage gradient at the bank calculated by 3D seepage FEM; J cr is the critical seepage gradient, equal to 0.45; X 1 , X 2 , . . ., X n are random variables. Take the upper water level, the HC of concrete cut-off wall, filled soil, rockfill, alluvial deposits, and curtain as random variables. e importance level of random variables is listed in Table 9 ; it can be seen that the HC of cut-off wall and rockfill are nonessential variables, since the total importance level of the two variables is less than 5%, and the nonessential variables will be taken as constant to decrease the intensive computation.
e OI of random variables is shown in Figure 13 . Note that the highest order of HC of filled soil is 3; the HC of curtain is 2 and the others are all 1. e orders lower than the highest order of each variable cannot be excluded by Step 7 in Section 3.1. ere are 17 possible terms in the polynomials, including 7 independent terms, 9 mixed terms based on the three criteria, and 1 constant. Choosing the L 8 (2 6 ) orthogonal table to arrange samples 3 times, adding the mean point and 24 OI samplings, there are 49 samples in total. 3D seepage program is used to calculate the seepage gradient of additional samples on different computer cores. Nondimensionalization is conducted on the samples and corresponding responses. e initial response surface is stepwise regressed, and the initial design point is (311.992, 1.737 × 10 − 4 , 3.905 × 10 − 4 , 6.148 × 10 − 6 ). e orthogonal table was used to arrange samples one time and the interpolation coefficient was set to 0.25; 8 additional samplings can be obtained; adding the design point and the previous 49 samples, the polynomials regressed is listed in formula (12), 5 × 10 7 random number sequences are generated. e failure probability is 3.680 × 10 − 5 , and the corresponding reliability index is 3.964 with MCS. e new design point is (311.996, 1.799 × 10 − 4 , 3.744 × 10 − 4 , 6.263 × 10 − 6 ). Taking it into the 3D seepage program, the bypass seepage gradient is 0.4483, similar to the critical value 0.45. erefore, the calculation results of this method are reliable.
(12) Figure 14 shows the correlation between the 4 random variables and the maximum seepage gradient at the right bank. It can be seen that (1) the maximum bypass seepage gradient is highly related to the upper water level and the HC of alluvial deposits and curtain and is irrelevant to the HC of filled soil; (2) the maximum bypass seepage gradient is positively correlated with the upper water level and the HC of curtain and negatively correlated with the HC of alluvial deposits. e waterhead difference increases with the increase of the upper water level. e greater the HC of curtain is, the more the water appears at the bank slope and leads a larger seepage gradient. e larger the HC of alluvial deposits, the higher the waterhead in the downstream filled soil, and a smaller seepage gradient will be caused.
For comparison, the ordinary response surface method (RSM) is used for the reliability analysis of this project. Taking the complete cube polynomials without mixed terms as response surface, the reliability index is 3.76. 6 response surfaces and 144 samples are required, which is 2.48 times of the samples of high-order practical SRSM. ese results indicate that the high-order practical SRSM is a powerful analysis method.
Influence of the Coefficient of Variation of Random
Variables. Figure 15 shows the relationship between the failure probability of bypass seepage gradient and the upper water level and the HC of alluvial deposits and the HC of curtain. Note that the maximum bypass seepage failure probability increases more and more slowly with the increase of the Cov of the upper water level. As the Cov of HC of alluvial deposits and curtain increases, significant increases of seepage failure probability can be seen. Meanwhile, the growth rate of bypass seepage failure probability with the Cov of HC of curtain is larger than that of alluvial deposits. Also, the HC of curtain has a significant impact on the seepage gradient of the dam.
Influence of Variable
Order. If the HC of filled soil is set from 2nd to 4th order, the multiple correlation coefficient R 2 of the OI curve line is 0.984, 0.996, and 0.998, respectively, and the reliability results are listed in Table 10 . e cumulative distribution function (CDF) of maximum bypass seepage gradient at the bank slope is shown in Figure 16 . Note that the reliability index is getting smaller and smaller with the increasing of the order and is nearly the same when the HC of filled soil is from 3rd and 4th order. If the interval of bypass seepage gradient is greater than 0.34, the three CDF curve lines are almost in a line. For the domain of bypass seepage gradient less than 0.34, there is a large difference between the curve lines of 2nd and other orders, but the 3rd and 4th order curve lines are very close.
If the HC of filled soil is set from 2nd to 3rd order, the multiple correlation coefficient R 2 of the order identification curve line is 0.992 and 0.998, and the corresponding Figure 14 : Scatter plots between the maximum seepage gradient at the right bank and random variables. reliability results are 4.105 and 3.964, respectively. Our results demonstrated that variable order plays a role in the accuracy of the reliability index. e larger the importance level, the larger the multiple correlation coefficient required, and the more accurate the reliability index obtained.
Conclusions
(1) A high-order polynomial with mixed terms is used as RSP. e order identification of random variables, the determination of mixed terms, and the stepwise regression of high-order polynomials are simple. e high-order practical SRSM provides a new method to estimate the failure probability of engineering problems with a certain high nonlinearity and cannot be explicitly expressed. computers or different cores of a machine, greatly improving the calculation efficiency. erefore, the realization of large engineering reliability analysis can be achieved. (3) e HC of concrete cut-off wall and the HC of rockfill are unimportant variables. e reliability index for bypass seepage stability around the Bantou dam is about 3.964, and the failure probability is 3.680 × 10 − 5 . e seepage failure at the bank slope is within an acceptable risk range. e maximum bypass seepage gradient has a great correlation with the HC of curtain, alluvial deposits, and the upper water level and has little correlation with the HC filled soil. e maximum bypass seepage gradient is positively correlated with the upper water level and the HC of curtain and negatively correlated with the HC of alluvial deposits. As the Cov of the HC of curtain increases, the bypass seepage failure probability increases dramatically. (4) e RSP of bypass seepage can be considered as the 3rd order. As long as the reliability calculation performed using a third order or a larger order RSP, stable results can be obtained. How to achieve the sensitivity coefficient of the random variables to the seepage failure based on the high-order practical SRSM needs further research.
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